Triterpenoid compounds are of interest because they occur widely in nature and have unique biological activities. Recently, Naganuma and his colleagues found that three natural triterpenes, betulin (1), uvaol (2), and soyasapogenol B (3), have reducing effects against the toxicity of cadmium chloride in HepG2 cells (Fig. 1) . 1) They also reported that betulin induced certain proteins, though not metallothionein, which is the representative protein in reducing heavy metal toxicity.
Triterpenoid compounds are of interest because they occur widely in nature and have unique biological activities. Recently, Naganuma and his colleagues found that three natural triterpenes, betulin (1), uvaol (2) , and soyasapogenol B (3), have reducing effects against the toxicity of cadmium chloride in HepG2 cells (Fig. 1) . 1) They also reported that betulin induced certain proteins, though not metallothionein, which is the representative protein in reducing heavy metal toxicity. 1) To clarify the reduction mechanism of cadmium toxicity, we investigated the relationship between expression of activities and structures, with particular focus on the functional groups of betulin, using its analogues. The results showed that both the polar functional group, found at either the C3 or C28 positions, and the isopropenyl group play important roles in reducing cadmium toxicity and the cytotoxicity of betulin (1) . 2) However, it is difficult to carry out further investigation into the bioactivities of betulin because the only functional groups of this compound are hydroxyl and isopropenyl, both of which are crucial for its activity. Therefore, we decided to synthesize analogues of betulin, which could not be otherwise derived from natural products. Our synthetic strategy is summarized in Fig. 2 , which shows the pentacyclic ring system being divided into two fragments: the AB fragment 4 and the DE fragment 5. Since our focus was on the angular substituents between the D and E rings, the starting material for 5 needed to be the optically pure bicyclo [4.4 .0]decaline derivative 6b, and the starting material for 4 the Wieland-Miescher ketone 6a.
The optically active Wieland-Miescher type bicyclic ketone 6a was effectively synthesized from the prochiral tricarbonyl compound 7a, using chiral proline as a chiral catalyst (Fig. 3) . [3] [4] [5] [6] The optically pure 6a can be obtained by a single recrystallization, and can be utilized for subsequent syntheses of many natural products. [7] [8] [9] [10] [11] However, the cyclization reaction of compounds with side chains other than a methyl group (e.g., allyl group 7b) was observed to have serious depreciation of the optical yield. 12) In addition, proline did not work as a catalyst for this reaction, meaning a stoichiometric amount of proline is required to complete the reaction. If expensive synthetic proline has to be used, this presents a serious economic obstacle. Therefore, before starting the synthesis of the betulin analogues, it was decided to develop an efficient method for synthesizing optically pure bicyclo [4.4 .0]decaline derivatives.
Results and Discussion
The essential features of the synthesis reaction are illustrated in Figs. 4 and 5. When the optically active diketone 8 was treated under acidic conditions, a mixture of the two diastereomers 9a and 9b resulted. However, by using an acidcatalyzed dehydration reaction, the mixture of 9a and 9b was converted to the single enantiomer 10. Using a dissolvingmetal reduction reaction with 10, it was expected that 11a would be the predominant intermediate product, since the bulky substituent on C2 occupies the equatorial position, whereas it occupies the axial position in intermediate product 11b. Alkylation of the enolate 11a at the angular position C4a again gave two conformers, 12a and 12b. For both enolate 12a and 12b, allyl bromide comes from the axial direction (from the b face for 12a and the a face for 12b), according to the stereoelectronic effects. This might be expected to provide (2S,4aS,8aS)-13a and (2S,4aR,8aS)-13b, respectively. Although the selective reaction favors efficient synthesis, diastereomeric 13a and 13b are separable, and it is expected that both could be used as the target molecule. Using the reaction sequence described from 10 to 13a and 13b, the chirality at C2 of 10 was transferred to the C4a positions of 13a and 13b. This can be considered to be the same as the desymmetrization of the prochiral carbonyl group of the diketone 8 (Fig. 4) .
Optically active (8aS)-16 can be synthesized from 13b via the enol ether 14, followed by hydrolysis and an intramolecular aldol reaction (Method A). Alternately, (8aR)-19 can be synthesized via 17 by hydrolysis of the enol ether, oxidation of the secondary alcohol, and an intramolecular aldol reaction (Method B). Similarly, (8aR)-19 and (8aS)-16 can be synthesized from 13a, using Methods A and B, respectively (Fig. 5) .
Based on the concept described above, a chiral side chain unit, 24, synthesized from commercially-available (S)-malic acid (20) , was introduced to 1,3-cyclohexanedione (25) . The results are summarized in Chart 1. The ester group of 22, which was synthesized from the known diol 21 13) using the usual acetalization process (3,3-dimethoxypentane, PPTS, CH 2 Cl 2 , rt, 11 h, 95%), was reduced to the alcohol 23 (LiAlH 4 , THF, 0°C, 15 min, 99%). [14] [15] [16] [17] [18] [19] The resulting hydroxyl group was converted to bromine under standard conditions (CBr 4 , PPh 3 , Et 3 N, CH 2 Cl 2 , rt, 2 h, 86%), producing 24. Unfortunately, efforts using the alkylation reactions 20) to produce 26 failed, with the isolable compounds consisting either of a mixture of the alcohol 23 and the methyl ether 27, or the enol ether 28. Thus, our focus shifted from synthesizing 26 from the alkylation reaction of 1,3-cyclohexanedione (25) to the construction of the substituted 1,3-cyclohexanone-ring system from d-keto-ester derivative 29 (Fig. 6 ).
Ethyl acetoacetate (30) was regioselectively alkylated with the bromide 24 by the dianion method (NaH, BuLi, THF-HMPA, 0°C, then 24, rt, 1 h, 86%), 21) producing a good yield of 31. This was then alkylated again with ethyl 3-bromopropanoate (32) at the C2 position of 31 to provide 33 (NaH, THF, 31, rt, 2 h, 89%). To remove the ethoxylcarbonyl group, 33 was subjected to alkaline hydrolysis conditions (KOH, t BuOH-H 2 O, reflux, 5 h), acidified with 3 N HCl, followed by both decarboxylation and deacetalization reactions by refluxing the mixture. Finally, the mixture was concentrated under reduced pressure to remove the volatile materials and refluxed in methanolic HCl (AcCl, MeOH) to produce a 74% yield of 5-substituted 6,8-dioxabicyclo[3.2.1]octane derivative 36 as the sole product (Chart 2). The conversion from 33 to 36 can be handled in one flask and can be applied to gramscale synthesis.
Having established a synthetic route for 36, which is the synthetic equivalent of 26, the cyclization reaction of 36 was investigated (Table 1) . Lewis acids (entries 1 and 2), a weak Brønsted acid (entry 3), and a carboxylate (entry 4) did not promote any reaction and 36 was completely recovered. However, reaction of 36 with TfOH in CH 2 Cl 2 or trifluorotoluene produced the desired bicyclic compound 10, with yields of 71% or 28%, respectively (entries 5 and 6). The solvent effect of this reaction was remarkable, with the reac- tion time shortened and the yield slightly improved by using ClCH 2 CH 2 Cl (entry 7). To introduce the angular substituents, the hydroxyl group was protected by a TBS group (TBSCl, imidazole, DMF, rt, 12 h, 100%), followed by reductive alkylation of the a, b-unsaturated ketone moiety of 37. The TBS ether 37 was reacted under Birch reduction conditions (Li, liq. NH 3 , THF Ϫ78°C, 1 h), followed by the direct addition of allyl bromide to the mixture to produce the desired ketone 39, with a 36% yield, together with an unidentified polyallylated compound.
22) The stereochemistry of 39 was determined by 1 H-NMR, with the observed n.O.e. shown in the inset of Chart 3. The coupling pattern of the proton in the C8a position showed typical equatorial orientation (a broad singlet) and n.O.e. was observed between the protons in the C2 and C8a positions. Therefore, as expected, protonation at the b position of the carbonyl group (C8a) occurred from the a face to afford an S configuration at C8a. Furthermore, the b proton (equatorial) in the C4 position displayed an unexpectedly low field shift in 1 H-NMR, the result of the anisotropy effect of the carbonyl group. Using the molecular model, this low field shift in 40 does not seem possible. It is difficult to accept that allyl bromide approached from the a face (equatorial orientation) in 38b, due to the stereoelectronic effect for a successive alkylation reaction. We speculate that the alkylation occurred after a flipping of conformation from 38b to 38a, and then proceeded from the a face. Why 38a was predominant over 38b is not yet clear. There does not appear to be a large energy difference between the two conformers, but the C-O bond is parallel to the p orbital of the enolate in the conformer 38a. Therefore, one possible reason for 38a's predominance might be the stabilizing effect of the C-O antibonding orbital by ligation of the enolate p orbital (Chart 3). A detailed investigation of this stereochemical outcome is now in progress in our laboratory.
Our next step was conversion of 39 to the target molecules, (8aS)-16 and (8aR)-19, which are essentially enantiomers. Synthesis of the former was examined first (Chart 4). The TBS group was eliminated using standard conditions (HF pyridine, THF, rt, 30 min, 100%) and the resulting hydroxyl group was converted to iodide, producing 42 with good yield (I 2 , PPh 3 , imidazole, CH 2 Cl 2 , rt, 17 h, 88%). E2 elimination of the iodide was carried out with DBU in DMF at 100°C, and the resulting unstable enol ether, 43, was hydrolyzed under acidic conditions, without isolation, to provide the acetal 44 (3 N HCl, rt, 3 h, 45% from 42). Acetylation of 44 (Ac 2 O, Et 3 N, DMAP, CH 2 Cl 2 , rt, 6 d, 79%) resulted in 45, and was then subjected to an intramolecular aldol reaction using pyrrolidine enamine (pyrrolidine, benzene, rt, 24 h, then reflux, 3.5 h, 79%), to provide the desired 46, which is equivalent to (8aS)-16 (RϭAc).
The other isomer, 55, was synthesized according to Charts 5 and 6. The carbonyl group of 39 was reduced by LiBH 4 in MeOH-Et 2 O at Ϫ30°C to produce a separable mixture of diastereomeric alcohols 48 and 49. The hydroxyl group of the major isomer 48 was expected to have an a configuration, obtained by being reduced from the axial direction. This was confirmed by the observation of n.O.e. between the C3 and C5 protons (Chart 5). The hydroxyl group of 48 was acetylated (Ac 2 O, Et 3 N, DMAP, rt, 12 h, 97%) and the TBS group was eliminated by TBAF in THF at rt, to produce 51 in a quantitative yield. Conversion from 51 to the acetal 53 was carried out under essentially the same conditions applied to 41, giving a 58% overall yield [(1) I 2 , PPh 3 , imidazole, CH 2 Cl 2 , rt, 1 h; (2) DBU, DMF, 100°C, 10 h; (3) 3 N HCl, rt, 5 min]. Finally, 53 was oxidized (PCC, NaOAc, Celite, MS 4A, CH 2 Cl 2 , rt, 9 h, 66%) and the second ring cyclized (pyrrolidine, benzene, reflux, 1.5 h, 82%), to complete the synthesis of 55, which is equivalent to (8aR)-19 (RϭAc) (Chart 6).
The absolute configurations of the final products 46 and 55 were confirmed by synthesizing 56 23, 24) from each of these products and comparing the specific rotations of the resultants to that of the known compound (R)-56 12) (Chart 7). The optical purities of both (R)-56 and (S)-56 were determined by chiral HPLC to be more than 99% ee.
Conclusion
A new stereoselective method for the introduction of an allyl group at the angular position of chiral 10 using Birch reduction and an alkylation reaction was established. Although the synthetic routes for both 46 and 55 are somewhat long, each reaction can be carried out on a large scale and without any loss of the optical purity. Optimization of the synthetic route and the synthesis of betulin and its analogues are currently in progress in our laboratory.
Experimental
General Procedures All melting points were determined with Yazawa Micro Melting Point BY-2 and are uncorrected. C-NMR. Mass spectra and high resolution mass spectra were measured on JEOL JMS-DX303 and MS-AX500 instruments, respectively. IR spectra were recorded on a Shimadzu FTIR-8400. The specific rotations were measured on a JASCO P-1010 polarimeter.
Methyl [14] [15] [16] [17] [18] [19] A solution of 22 (5.0 g, 24.7 mmol) in THF (30 ml) was added to a suspension of LiAlH 4 (1.4 g, 37.1 mmol) in THF (150 ml) at 0°C and the mixture was stirred for 15 min at the same temperature. Et 2 O was added to the mixture and 28% aqueous ammonia solution was added to the mixture. The resulting inorganic precipitate was filtered through a Celite pad and the filtrate was concentrated in vacuo. The residue was chromatographed on silica gel (AcOEt) to provide 23 ( 2,2-Diethyl-1,3-dioxolan-4 -yl]-3-oxo-hexanoic Acid Ethyl Ester (31) Ethyl acetoacetate (30) (10 g, 76.9 mmol) was added to a suspension of NaH (oil free, 3.8 g, 94.2 mmol) in THF (200 ml) and HMPA (20 ml) at 0°C. After being stirred for 10 min at the same temperature, BuLi (1.32 M solution in hexane, 64.1 ml, 84.6 mmol) was added and the stirring was continued for another 10 min. 24 (9.1 g, 38.5 mmol) was added to the mixture and stirred for 1 h at room temperature. The mixture was neutralized with 3 N HCl and the aqueous solution was extracted with Et 2 O. The combined organic solution was washed with aqueous saturated NaCl solution, dried over anhydrous MgSO 4 , and concentrated. The residue was purified by silica gel column chromatography [AcOEt-hexane (1 : 6)] to afford 31 (9. BuOH (50 ml) and H 2 O (12 ml) and refluxed for 5 h. After being cooled to room temperature, the mixture was acidified by 3 N HCl and was refluxed for 5 h. The solvent was evaporated at the reduced pressure and the residue was dissolved into MeOH. AcCl (6.9 g, 88.2 mmol) was added to the solution at 0°C and stirred at room temperature for 12 h. The mixture was neutralized with saturated aqueous NaHCO 3 solution and the aqueous phase was extracted with AcOEt. The organic solution was washed with saturated aqueous NaCl solution, dried over anhydrous MgSO 4 2-(tert-Butyldimethylsilanyloxymethyl)-2,3,4,6,7,8-hexahydro-1 benzopyran-5-one (37) Imidazole (190 mg, 2.9 mmol) and TBSCl (320 mg, 2.2 mmol) were added successively to a solution of 10 (260 mg, 1.4 mmol) in anhydrous DMF (20 ml) at 0°C and the mixture was allowed to stir at room temperature for 12 h. The mixture was extracted with Et 2 O and the combined organic solution was washed with saturated aqueous NaCl solution, dried over anhydrous MgSO 4 , and the solvent was evaporated. The residue was purified by silica gel column chromatography [AcOEt-hexane (1 : 3)] to afford 37 (420 mg, 100%) as a colorless oil. [ (2S,4aS,8aS)-4a-Allyl-2-(tert-butyldimethylsilanyloxymethyl)-octahydro-1-benzopyran-5-one (39) Lithium metal (38 mg, 5.5 mmol) was added to liquid NH 3 (distilled over sodium metal, 5 ml) at Ϫ78°C. After being stirred for 10 min, a solution of 37 (740 mg, 2.5 mmol) in anhydrous THF (4 ml) was added and the mixture was stirred for 50 min at the same temperature. Allyl bromide (1.5 g, 12.5 mmol) was added to the mixture and stirred at Ϫ78°C for 1 h and at Ϫ33°C for 50 min. (4aS,8aS)-4a-Allyl-2-hydroxy-2-methyl-octahydro-1-benzopyran-5-one (44) DBU (580 mg, 3.8 mmol) was added to a solution of 42 (430 mg, 1.3 mmol) in anhydrous DMF (7.0 ml) at room temperature and stirred at 100°C for 9.5 h. The reaction mixture was acidified (ca. pH 4) using 3 N HCl solution and stirred at room temperature for 3 h. The mixture was extracted with Et 2 O and the combined organic solution was washed with saturated aqueous NaCl solution, dried over anhydrous MgSO 4 , and concentrated. The residue was chromatographed on silica gel [AcOEt-hexane 61 (1H, br), 1.68-1.74 (1H, m) 2S,4aS,5S,8aS)-5-Acetoxy-4a-allyl-2-hydroxy-octahydro-1-benzopy (2R,3S)-3-Acetoxy-2-allyl-2-(3-oxobutyl)-cyclohexanone (54) Celite, powdered molecular sieves 4 Å, and a solution of 53 (78 mg, 0.29 mmol) in anhydrous CH 2 Cl 2 (1.5 ml) were added to a suspension of PCC (190 mg, 0.87 mmol) and NaOAc (24 mg, 0.29 mmol) in anhydrous CH 2 Cl 2 (1.5 ml) at room temperature. After being stirred for 9 h, Florisil was added and stirred for several minutes. The mixture was filtered through a Celite pad and the filtrate was concentrated at reduced pressure. The residue was purified by silica gel column chromatography [AcOEt-hexane (1 : 2)] to afford 54 (51 mg, 66%) as a colorless oil. [ 
